The "fire-ball" observed in the multiple production of particles is interpreted and analysed in terms of a correlated assembly of produced particles like a superfluid. It is shown that the momentum spectrum of produced mesons is proportional to the form of dkfk 2 , by assuming J.¢4 for the meson-meson interaction Hamiltonian in the final state. A possibility of the many fire-balls is briefly discussed. Before going into these discussions a possible reduction of the S-matrix element or the cross section of the overall process is presented, where its final-state interaction part may be separated from the high energy interaction part in a short collision time.
The "fire-ball" observed in the multiple production of particles is interpreted and analysed in terms of a correlated assembly of produced particles like a superfluid. It is shown that the momentum spectrum of produced mesons is proportional to the form of dkfk 2 , by assuming J.¢4 for the meson-meson interaction Hamiltonian in the final state. A possibility of the many fire-balls is briefly discussed. Before going into these discussions a possible reduction of the S-matrix element or the cross section of the overall process is presented, where its final-state interaction part may be separated from the high energy interaction part in a short collision time. § I. Introduction About twenty years ago Heisenberg 1 l and others expected that the multiple production of particles in super-high energy regions would inform us of the interaction mechanism at a small distance among elementary particles or the fundamental particles as symbolized by the "universal length". Nevertheless, such a naive anticipation has not been achieved as yetIt is true that the present accuracy and statistics of experimental data are not enough to derive any definite conclusions on this problem from the observed phenomena, but one may say that such a situation is essentially due to the smearing effect of troublesome final-state interactions among produced particles. It seems to us that the final-state interactions, being rather low energy interactions, smear the true aspect of the elementary interactions at super-high energies and then are responsible for the final distributions of produced particles.
Another reason may be that considerable parts of the super-high energy phenomena are fairly explained by semi-kinematical arguments. Actually Niu 2 J and the Polish group 3 l independently arrived at the idea of the "fire-ball" or "two-center" model in the multiple meson production in nucleon-nucleon collisions.
Based upon the idea of the single pion exchange (peripheral collisions) some people 4 l have attempted to give a field theoretic explanation of the fire-ball model. The main assumption of the theory is that for high enough available energies one can select a dominant part of the final-state phase space for which the production amplitude is close to the first order pole of the propagator for the exchanged virtual pion. Then the production cross section can approximately be written in terms of the total cross section of the nucleon and the pion with the energy corresponding to the pole. *l Still, it may be questionable whether the two fire-ball model really corresponds to the peripheral collision or not.
If all the phenomena were understood through the final-state interactions and semi-kinematical arguments, we could obtain little knowledge of the elementary interactions at super-high energies. In order to see the characteristic features of the elementary interactions at super-high energies, we should separate the kinematical effects and clean up the smearing effects due to final-state interactions from the experimental data. In other words we have to carefully distinguish super-high energy phenomena from ones essentially reducible to the familiar low energy physics. **l For this purpose a possible reduction of the S matrix is carried out in the framework of the formal theory of the scattering ( § 2) 0 As an important effect of the final-state interactions, Fermi 5 l and Landau 6 l have considered that the final-state interactions bring produced particles into an equilibrium or in a local equilibrium. Niu 2 l also confirmed in his model that mesons in each fire-ball are subject to Planck's distribution law.
Following Landau, the meson cloud at the final state may be considered to be in a frozen state with a very low temperature. This role of the final-state interaction may be consistent with the assumption taken in Niu's model. Now, extending Landau's idea and remembering the discussion on superfluidity, one may expect that the meson cloud (or the fire-ball) with a very low temperature is in a correlated state like the condensed one of the superfluid.
In the present paper we shall study the correlq.tion effects of the Bogoliubov type on the final distributions of produced particles, where the model Hamiltonian responsible for the fire-ball is derived under the assumption of )cp 4 for *l This pole approximation, however, gives the momentum transfer only of the order of the pion mass that is hardly recovciled with the value of the order of the nucleon mass obtained by Niu 
Then as will be proved in Appendix A, the S-matrix element can be rewritten as
where the modified T-matrix element in the right-hand side IS defined by This T-matrix element contains everything of super-high energy interactions through H'. Therefore we cannot get any information on the mechanism of the fire-ball production and its development, unless we solve the " vertex part " connecting the nucleon with the fire-ball.*> It is, however, so difficult to solve it that we shall leave the detailed discussion on the vertex part untouched and be content with the consequence of a plausible assumption about the property of the vertex part. Now we may put T in a form
where A 1<"J refers to a combination of meson operators and J 1<NJ to nucleon operators, respectively, and C1 is a c-num_ber. The subscript l specifies a possible type of super-high energy interactions, to which one may recall a class<· of the Feynman diagrams if necessary. Inserting Eqs. (2 · 7) and (2 ·11) into Eq. (2 · 8), we find out the rate of the transition probability *l Hereafter we shall simply call it the vertex part. 
It is plausible that due to the final-state interactions the produced meson cloud will be brought into a model state, say, (j)moa, insensitive to the initial state and the production mechanism. Then the model state (j)moa can be identified with the fire-ball. We can expect that
Here the separation should be carried out so as to be insensitive to the choice of t0 in a broad range, so that t0 is put equal to zero in the first factor and infinity in the second factor in Eq. (2 ·14) in an asymptotic sense. Using the definition of U,.. ( oo, 0) by Gell-Mann and Goldberger 7 > and the random phase approximation for its matrix element, we can easily obtain the formula
where Emoa and 'moa are, respectively, the energy and the lifetime of the model state.
If we assume the lifetime of the model state to be )ong, we have
Consequently the rate of the transition probability turns out to be *> H,..0moa=Emoa0moa+O(I/-rm0a) has been used here. **> The model state may be a mixed state. In this case we are required to introduce a slight modification into Eq. (2·16), that is,
where Pmoa is the density matrix of the model state. Then corresponding to Eq. (2·16) we have
In the case of two or more fire-balls, Eq. (2 ·17) becomes a sum of corresponding terms. For simplicity we shall deal with the case of one fire-ball production throughout the present paper. Next we shall derive the distribution of produced particles in the final state from Eq. (2 ·17). Denoting the final state @/"J more explicitly by
and referring to Eq. (2·17), we may define the momentum spectrum of produced particles by
where C is the normalization constant and oJ~c the energy of a free meson with momentum k. Introducing n0 (k) the quantity discarded by the law of conservation of energy and an irrelevant constant in Eq. (2 ·18), we have
It IS easily shown that after some manipulations (see Appendix B) we have (2. 20) where at (k) (a (k)) is the creation (annihilation) operator of a free meson with momentum k. Thus the distribution of produced particles in the final state is essentially determined by the model state vector lPmod representing the fire-ball. Consequently we can calculate the momentum spectrum through the appropriately chosen model state lPmod irrespective of the production mechanism. However, the multiplicity and the inelasticity are determined by the last factor of Eq. (2 ·17) closely connected with the production mechanism. Our considerations are limited to the finaJ distribution of mesons due to the final-state interactions. It must be emphasized here that even in the last factor of Eq. (2 ·17) elementary interactions are smeared to some extent by the final-state interactions because of the presence of lPmod and U,. in its expression. § 3. Distribution of produced particles
In the present section we shall obtain the model state of the fire-ball and determine the final distribution of produced mesons under the assumption of the effective pion-pion final-state interaction (1/ 4) i.¢ 4 • *l Our model state of the fire"ball may be considered to be an analogue to the compound nucleus state in the theory of nuclear reactions. Mesons in a fire-ball move in a limited volume, collide with each other and subsequently fly away as free particles.· Let N be the multiplicity, then the linear dimensions of the fire-ball may be of the order of (1/p.) N 113 • First we shall consider an idealized problem in which both the volume and the number of mesons are infinite but the density of mesons are finite. Throughout the present section calculations will be carried out in the rest system of the fire-ball.
(i) The model Hamiltonian
Since in the frozen state interactions among particles are regarded as low energy phenomena, it may be reasonable to assume that their considerable parts can be well described only through the effective pion-pion interaction (1/ 4) AS0 4 • Our starting Hamiltonian is assumed to be (3 ·1) where
For simplicity the neutral scalar theory has been adopted. The coupling constant ). may be positive.**l Once the fire-ball is produced in the creation vertex part, it develops as a correlated state of the pion assembly thn;mgh the interaction H,.
For the low momentum and not so high density Eqs. (3 · 2) and (3 · 3) yield the effective potential
4 Vkt +k.~ka+k4
where the three-or many-body forces are neglected, and K (k1, k2, k3, k4) stands for ,the reaction matrix and V the normalization volume.
However, when higher momenta have an important role different contributions must be taken into account, e.g. 
(3·7) (3·8)
Here subscripts s and p may be understood as the interaction of a scattering type and a pair creation (or annihilation) type, respectively.
We consider the fire-ball to be in a correlated state with very low temperature. Then, contrary to the hot creation vertex the majority of particles may presumably be in the zero-momentum state and. the average particle number with zero-momentum is supposed to be of the same order of magnitude as N. In order that these operators conform to the boson commutation relations the transformation coefficients must satisfy the equation (3 ·18) *l As is well known, Bogoliubov's transformation leads to the unitary transformation
where 9Tc is a parameter. The free meson vacuum lvac) and the ground state IO) are then related by 10) =Uivac). When the interaction is attractive we have to transform the state vector by an additional unitary operator
where f1c is a parameter to be determined later. After somewhat complicated manipulations we can obtain corresponding quantities to the repulsive case. This method is due to Sawada and Vasudevan. We are indebted to Dr. Sawada for informing us of their result prior to the publication. where
The diagonalized Hamiltonian then has the form
Hmoa(No) =Eo(No, () + "L;'c"a"ta", k""O
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Then the limiting form will be of the form for k~p.
and where A 0 and Go are constants . independent of k.
(ii) Momentum spectrum of produced particles
'Here we shall identify the fire-ball with a mixed state of low-lying states with temperature of the order of the pion mass. The expectation value of the meson number becomes (3 ·29) where wk 1s Planck's distribution function (3· 30) for the quasi-particles with energy ck, fi being the inverse temperature multiplied by Boltzmann's constant.
At absolute zero there are no excitations (w~:=O) and the last term of Eq. (3 · 29) vanishes.*> Equation (3 · 29) then implies that the momentum spectrum n0 (k) is a superposition of the ground-state distributions, the first two terms, and Planck's distribution of the quasi-particles, the last term. Taking into account the finiteness of the system, we should consider N 0 to be the number of mesons with the minimum momentum instead of zero. Since the linear dimension of the fire-ball is of the order of (1/ p.) ]1 [1 13 , the minimum momentum kmin may be given by 
It is instructive that our simP.le assumption for the meson-meson interaction in final states has yielded this type of the momentum spectrum for n0 (k) . This type of the momentum spectrum keeps its form also in the laboratory system. The precise form of the momentum spectrum is not given by n0 (k) but n (k) which has the 3-function representing the conservation law of energy. The replacement of n0 (k) with n (k) introduces little modification in the momentum spectrum at the low energy side, but has an effect to cut off the spectrum at a maximum momentum kmax· The value of kma:c is estimated by (3· 34) Figure 1 illustrates the behavior of the momentum spectrum of produced particles. It may be worth while to record the fluctuation of particle number in the ground state, being given by
After a straightforward calculation we obtain We have, so far discussed only the final distribution of particles without entering into the examination of the production mechanism. There remains the calculation of the creation vertex part, which may be considered to be just an important object in the theory of multiple production of particles.
If we could solve this problem in our scheme, we would get the probability of finding the event with the given multiplicity and the given inelasticity.
Also the discussion on the probability of the formation of two or more fireballs must be given by the study of the creation vertex part which is left for future investigatien.
Now in the present paper we have considered the system with a large volume but very low temperature, and a close analogy to the theory of superfluidity has been maintained.
Here we shall briefly discuss a possibility of emitting mesons from the system with a rather small volume but high temperature T. Because of the high temperature we can no longer assume that the number of zero-momentum particles is very large. The method suggested by Bogoliubov 9 > and Zubarev 10 > permits us to define the temperature tlependent normal modes of quasi-particles, whose momenta distribute over a discrete spectrum because of a small volume. As was seen in Eq. (3 · 29), the number of mesons transported by one quasiparticle with momentum k is 1+2v~c 2 , which is unity for k';:?T and several for k-:5T. In this case V~c _is a coefficient of Bogoliubov's transformation to temperature dependent normal modes. Following Zubarev/ 0 > we may carry out our program to construct the model Hamiltonian and evaluate relevant quantities from it without difficulty. In our present theory the multiple production 'of particles may be summarized in the following way.
Immediately after super-high energy collisions of two nucleons a small and hot meson compound is left at rest in the center-of~mass system. So far we do not know anything about the production mechanism of the hot spot. The most important problem in the multiple production, we believe, is to elucidate this point. This might be related to the most fundamental aspect of the present quantum field theory. As for a meson compound itself, however, we have reasonably been able to describe its behavior. Due to the final-state interactions . among mesons quasi-particle modes are realized in the meson compound whose temperature is no longer very high. A method recently developed in the manybody problem has been applied to describe it. Subsequently, free mesons are emitted from the meson compound through quasi-particle modes.
Such a scheme of the theory as this may be consistent with an interesting model recently proposed by Hasegawa. 11 l In his idea the multiple production of particles occurs through the " new quanta " produced in high energy nuclear interactions. Then one might expect to derive some information on high energy interactions by comparing our scheme with a kind of approach like that used in Hasegawa's theory. Such interpretations are however open to other possibilities.
What we have done here is to build up a standard to be compared with experiments, taking into account final-state interactions of the specific type.
Further investigation to elucidate characteristic features of high energy interaction is to be expected in future. 
Appendix A

Derivation of the S-matrix element
H'(t) =exp[i(H,..+HN)t]H'exp[ -i(H,..+HN)t],
we have 
